INTRODUCTION
Actinobacillus succinogenes is one of the major candidates for the microbial production of succinate in industrial biotechnology (McKinlay et al., 2007b; Thakker et al., 2012) . The bacterium was isolated from the bovine rumen (Guettler et al., 1999) . In the rumen, fibrous polysaccharides, oligosaccharides or sugars are abundant and fermented to organic acids by various fibre-digestive eukaryotes and bacteria (Russell & Rychlik, 2001) . A. succinogenes is adapted to fermentation of sugars and contains only an incomplete citric acid cycle, lacking citrate synthase, isocitrate dehydrogenase and succinate dehydrogenase (Guettler et al., 1999; McKinlay et al., 2007a McKinlay et al., , 2010 . The carbohydrates are catabolized to short-chain organic acids, which are supplied to secondary fermenters and to the host animal. The major products are succinate, acetate and formate; ethanol is produced in minor amounts (Van der Werf et al., 1997) . Succinate production involves fumarate respiration. In agreement with the important role of succinate production, the genome of A. succinogenes codes for the enzymes of C 4 -dicarboxylate-related metabolic pathways, such as fumarate reductase, fumarase and phosphoenolpyruvate carboxylase (McKinlay et al., 2007a (McKinlay et al., , b, 2010 McKinlay & Vieille, 2008) . Most enzymes of anaerobic C 4 -dicarboxylate metabolism have been studied or the corresponding genes have been identified (Kim et al., 2004; McKinlay et al., 2007a McKinlay et al., , 2010 McKinlay & Vieille, 2008) . Nothing is known, however, about the transport of the C 4 -dicarboxylates. The genome sequence revealed that A. succinogenes possesses a total of 2199 genes (McKinlay et al., 2010) , including various transporters that potentially function in aerobic or anaerobic C 4 -dicarboxylate transport (Table S1 , available in the online Supplementary Material). The genome of A. succinogenes encodes three carrier proteins of the Dcu (DcuAB; C 4 -dicarboxylate uptake) or DcuC (C 4 -dicarboxylate uptake C) family which are good succinate exporter candidates under conditions of succinate production from sugar fermentation, as shown for Escherichia coli (Six et al., 1994; Zientz et al., 1996; Golby et al., 1998; Zientz et al., 1999; Chen et al., 2014) . One other carrier protein of the CitT family might also catalyse transport of C 4 -dicarboxylate, as shown for CitT and TdtT in E. coli (Pos et al., 1998; Kim & Unden, 2007) .
A. succinogenes is known for its facultative anaerobic growth (Guettler et al., 1999) , but aerobic metabolism has not been characterized. In this study, we demonstrated aerobic and anaerobic growth on C 4 -dicarboxylates. Uptake of C 4 -dicarboxylates for aerobic growth can be catalysed by different types of transporters. The best-known bacterial transporter for the uptake of C 4 -dicarboxylates is represented by DctA, which is a member of the DAACS (dicarboxylate/amino acid : cation symporter) family. DctA proteins catalyse the electrogenic uptake of C 4 -dicarboxylates in symport with H + or Na + ions under aerobic conditions (Davies et al., 1999; Youn et al., 2009; Groeneveld et al., 2010) . Many bacteria use TRAP-Ts (tripartite ATPindependent periplasmic transporters) for the uptake of C 4 -dicarboxylates (Rabus et al., 1999; Fischer et al., 2010; Mulligan et al., 2011) . More recently, transporters of the DASS (divalent anion : sodium symporter) family have also been shown to catalyse C 4 -dicarboxylate uptake by C 4 -dicarboxylate : Na + symport. Transporters of this type, which are different from the members of the CitT subgroup, are DccT of Corynebacterium glutamicum, SdcS of Staphylococcus aureus, SdcL of Bacillus licheniformis and VcINDY of Vibrio cholera (Hall & Pajor, 2007; Youn et al., 2008; Strickler et al., 2009; Mancusso et al., 2012) . A. succinogenes contains 11 transporters (30 genes) of the DASS, TDT (tellurite resistance dicarboxylate transporter) and TRAP-T families that are candidates for aerobic C 4 -dicarboxylate transport (Table S1) .
In this study, we identified and characterized the DASS family protein Asuc_0304 of A. succinogenes that functions as a Na + -coupled uptake transporter specific for C 4 -dicarboxylates in E. coli. Asuc_0304 is most similar to the SdcS and SdcL C 4 -dicarboxylate transporters of S. aureus and B. licheniformis in functional and phylogenetic terms, and was named SdcA (sodium-coupled C 4 -dicarboxylate transporter from A. succinogenes).
METHODS
Strains and growth conditions. The strains and plasmids used in this study are shown in Table S2 . Subcultures of A. succinogenes strain 130Z were grown in BHI (Brain Heart Infusion) medium (Difco) at 37 uC. Main cultures were grown in modified B-medium (Guettler et al., 1999) (Merck) . D-Glucose (Samchun), disodium fumarate (Sigma), disodium succinate (Sigma), sodium L-malic acid (Sigma) or glycerol (Duksan) was supplemented as carbon and energy sources. For aerobic growth, the bacteria were incubated in Erlenmeyer flasks (40 ml medium in 300 ml flasks) at 37 uC with shaking at 140 r.p.m. Anaerobic growth was performed at 37 uC in degassed medium in rubber-sealed bottles (20 ml medium in 50 ml bottles) under a N 2 /H 2 mixture (95 : 5).
E. coli strains were grown in LB medium for cloning. Growth for complementation and transport assays was performed in enriched M9 (eM9) medium, which was M9 minimal medium supplemented with acid-hydrolysed casein (0.1 %, w/v; Neogen) and L-tryptophan (0.005 %, w/v; Deajung) (Miller, 1992; Kim & Unden, 2007) .
HPLC analysis. The substrates and products in 10 ml supernatant samples were analysed by HPLC at 23 uC using a Hitachi LaChrom Elite system consisting of pump L-2130, column oven L-2350, autosampler L-2200, UV detector L-2400 and refractive index detector L-2490. An Aminex HPX-87H ion-exclusion column (300 mm67.8 mm; Bio-Rad) was used as the stationary phase and 4 mM H 2 SO 4 served as the mobile phase at a flow rate of 0.55 ml min 21 .
Cloning of A. succinogenes transporter genes and growth complementation of E. coli. The genes Asuc_0074, Asuc_0142, Asuc_0304, Asuc_1063, Asuc_1482 and Asuc_1999 were amplified by PCR from chromosomal DNA of A. succinogenes 130Z using the primers 0074_nde_frd (39-GACCTGAGAACCCATATGTTT-59), 0074_ pst_rev (39-CAATCCGCTGCAGTTAGGTTC-59), 0142_nde_frd (39-GGAGAACACATATGACTGCAA-59), 0142_pst_rev (39-CCAAATGG-CTGCAGTCAAACA-59), 0304_nde_frd (39-GAGTTTCATATGACC-CCAAGT-59), 0304_pst_rev (39-GAGTAGAACTGCAGTGATTCA-59), 1063_nde_frd (39-GGAAAATTCATATGGACGAAT-59), 1063_pst_rev (39-CCGAAACTGCAGTTTGTTTTC-59), 1482_nde_frd (39-GAGAA-TTCATATGGAAAGTTC-59), 1482_pst_rev (39-ATTCTACTCTGCA-GTTGTCAG-59), 1999_nde_frd (39-CTTTGGAGTACATATGGATTT-59) and 1999_pst_rev (39-CAACCGTCACTGCAGTTAATT-59). The restriction sites (in bold) were introduced in the oligonucleotides. The PCR products were cloned into the multiple cloning site of the vector pGEM-5Zf (Promega), resulting in plasmids pMB18 with Asuc_0074, pMB21 with Asuc_0142, pMB22 with Asuc_0304, pMB20 with Asuc_1063, pMB17 with Asuc_1482 and pMB19 with Asuc_1999.
For complementation, each of the plasmids was transformed into the C 4 -dicarboxylate-transport-deficient mutant E. coli strain IMW213. The strains were grown in eM9 minimal medium with succinate, fumarate and L-malate (sodium salts, 50 mM each) as sole carbon source at 37 uC with shaking in a 96-well microplate (Falcon) under aerobic conditions using an ELx808 microplate reader (BioTek).
Quantitative PCR. Total mRNA was isolated from A. succinogenes strain 130Z at mid-exponential growth phase (OD 600 0.4) or at early stationary phase (OD 600 1.0) using RNAprotect Bacterial Reagent and the RNeasy Mini Kit (Qiagen). The remaining DNA was digested on a column with RNase-free DNase (Qiagen). The mRNA was transcribed in cDNA with a reverse transcriptase kit (ReverTra Ace-a; TOYOBO). Quantitative real-time PCR was carried out with three independent replicates in a 384-well plate with cDNA, 26 SYBR Green PCR Master Mix (PE Applied Biosystems) and primers using the ABI (Rozen & Skaletsky, 1999) . For quantification, the amount of mRNA of candidate genes was normalized to mRNA of the housekeeping genes recF (Asuc_0003) and gyrB (Asuc_0132) separately. The value of relative gene expression was determined by comparing the differences in the Ct value of a transporter gene with the differences in the Ct value of the housekeeping gene. Changes in gene expression were determined separately relative to the expression of Asuc_0003 and 0132. Aerobic growth on glucose was chosen as the reference condition. Thus, the mean of the expression levels of two housekeeping genes from aerobic culture on glucose was set to a value of 1, which resulted from the DDC t analysis method (Pfaffl, 2001 ). ; Hartmann Analytic) of various concentrations at 37 uC. After various times, the reaction was stopped by the addition of 0.9 ml ice-cold 0.1 M LiCl followed by rapid vacuum filtration through membrane filters (glass fibre without binder, 25 mm, 0.7 mm pore, APFF 02500; Millipore). The filters were washed three times with ice-cold 0.1 M LiCl, transferred into scintillation liquid and counted for radioactivity. The transport activities were calculated from the increase in the intracellular concentration of the [ Transport assays with A. succinogenes. A. succinogenes was grown in 50 ml modified B-medium with fumarate (40 mM) at 37 uC at 50 r.p.m. to OD 578 0.8. If necessary, the modified B-medium was prepared Na + -free (Na + -free components and Na + -free washed/ rinsed glassware). Preparation of the cell suspension and transport assays for uptake, pH dependence and ionophore tests were performed as described for E. coli.
RESULTS
Aerobic growth of A. succinogenes on fumarate and glucose A. succinogenes was able to grow on glucose or fumarate under aerobic conditions (Fig. 1a) . Growth on fumarate started after a long lag phase and required subcultures grown in nutrient medium. Growth on both substrates was improved by addition of bicarbonate, which shortened the lag phase to some extent. The aerobic growth with fumarate (m50.089 h 21 ) or glucose (m50.14 h
21
) was slower than anaerobic growth on glucose (m50.87 h 21 ) (Fig. 1a, b) . Under anaerobic conditions, the cells also grew on fumarate (m50.56 h 21 ) when glycerol was included in the medium. Thus, A. succinogenes showed substantial aerobic growth capabilities on glucose, fumarate or L-malate, although anaerobic growth was preferred and yielded higher growth rates and cell densities.
Under aerobic conditions, A. succinogenes performed an incomplete oxidation (Table 1) . Glucose was converted to acetate as the major product, with some malate and formate. The products contained most of the carbon (65 % of the glucose consumed). Aerobic growth on fumarate also resulted in acetate as the main product, with formate and malate as minor byproducts. L-Malate was converted to acetate.
During anaerobic growth on glucose, the characteristic fermentation pattern of A. succinogenes was observed with succinate, formate and acetate as the major products (McKinlay et al., 2007a (McKinlay et al., , 2010 McKinlay & Vieille, 2008) (Table 1) . During anaerobic growth on fumarate, approximately two-thirds of the fumarate was reduced to succinate, whereas one-third was oxidized to acetate. During anaerobic growth on fumarate+glycerol, large amounts of succinate were excreted, exceeding the amount of fumarate consumed considerably, indicating that part of the succinate was derived from glycerol.
The experiments showed that A. succinogenes was capable of aerobic growth on glucose, fumarate or L-malate, but not succinate, and of anaerobic growth by fumarate respiration, extending the growth spectrum of the bacteria substantially and demonstrating that A. succinogenes is a facultative aerobe.
Putative C 4 -dicarboxylate transporter proteins of A. succinogenes A. succinogenes is well-equipped with transport systems for organic acids in addition to sugar transporters. The genome contained 34 genes encoding proteins with similarity to C 4 -dicarboxylate transporters in other bacteria (Table S1) , which is over double the number of E. coli (13 genes) or C. glutamicum (10 genes), but similar to that of the related rumen bacterium Mannheimia succiniproducens (21 genes). Six of the genes encoded single-gene transporters exhibiting 30-74 % amino acid sequence identity to C 4 -dicarboxylate transporters from four different families (Table S3) : Asuc_ 0074 encoded a putative transporter of the TDT family; Asuc_0142 and Asuc_1999 coded for transporters of the Dcu family; Asuc_0304 and Asuc_1482 of the DASS family and Asuc_1063 of the DcuC family. The other 28 genes encoded possible components of nine C 4 -dicarboxylate transporters which belonged to the TRAP-T family (Table S1 ). The level of sequence identity of the TRAP-T components to C 4 -dicarboxylate transporter components was 25-35 % (McKinlay et al., 2010).
Complementation of a C 4 -dicarboxylatetransport-deficient E. coli strain by Asuc_0304 for aerobic growth
Genetic techniques for gene inactivation in A. succinogenes
are not yet available, preventing functional studies. For direct studies on the function of individual transporters of interest, the genes were cloned and used for functional complementation of an E. coli mutant strain deficient of aerobic and anaerobic C 4 -dicarboxylate transport. Here, we aimed to identify a transporter involved in the newly identified aerobic growth on fumarate or malate. Among the candidate genes of A. succinogenes, the DASS family transporter (gene) Asuc_0304 was selected. The cloned gene in plasmid pMB22 was transferred into the quadruple mutant IMW213 of E. coli that is deficient in C 4 -dicarboxylate uptake under aerobic and anaerobic conditions due to inactivation of genes encoding DctA, DcuA, DcuB and DcuC (Six et al., 1994; Zientz et al., 1999; Janausch et al., 2001) . The plasmid pMB22 restored the aerobic growth of E. coli IMW213 on succinate or fumarate as the sole carbon source (Fig. 2) . Stimulation of growth by the plasmid was specific for C 4 -dicarboxylates and not observed on other substrates such as glucose (not shown). Growth of the complemented strain IMW213 pMB22 started after a lag phase, but the growth rate (0.246 h 21 on succinate; 0.237 h 21 on fumarate) was then~80 % of the rate of the DctA-containing strain IMW529 (0.297 h 21 on succinate; 0.307 h 21 on fumarate) that possessed chromosomal dctA, and lacked the dcuA, dcuB and dcuC genes (Kim & Unden, 2007) . Strain IMW213 retained slight growth on succinate (Fig. 2a) due to the presence of the recently identified DauA (Karinou et al., 2013) or further unknown transporters for succinate that were still available in strain IMW213 (Janausch et al., 2001 ).
In the same way, the candidate genes for secondary C 4 -dicarboxylate transporters (Asuc_0074, Asuc_0142, Asuc_ 1063, Asuc_1482 and Asuc_1999) were cloned and used for complementation assays. None of the other plasmidencoded transporters was able to restore aerobic growth of E. coli IMW213 on the C 4 -dicarboxylates to substantial levels (not shown).
Expression of Asuc_0304 and the five other candidate secondary transporter genes
The expression of the six candidate genes encoding potential secondary carriers for C 4 -dicarboxylates (Table S3) , including Asuc_0304, was monitored in A. succinogenes by quantitative real-time PCR in order to identify genes that were expressed under growth conditions that required C 4 -dicarboxylate transport (Fig. S1 ). Total RNA was isolated from cells that were grown with glucose or fumarate under aerobic or anaerobic conditions. The gene expression level of aerobic culture with glucose was used for reference. Some of the genes showed significant changes in gene expression under various conditions compared with aerobic growth on glucose (Fig. S1) . However, the expression of Asuc_0304 which complemented the uptake of C 4 -dicarboxylates in E. coli was not significantly affected by the presence of fumarate during aerobic or anaerobic growth, and there was no change in the mid-exponential and stationary growth phases (not shown), indicating constitutive expression in A. succinogenes.
During aerobic or anaerobic growth on fumarate, the expression of Asuc_1063 showed the most significant induction, and expression of Asuc_0142, Asuc_1482 and Asuc_1999 increased moderately, but significantly. No induction was observed by the genes during anaerobic growth on glucose. Expression of Asuc_0074 was not significantly affected by any of the conditions. Each of the genes (Asuc_0142, Asuc_1063, Asuc_1482 and Asuc_1999) showing increased expression by fumarate, however, failed to restore aerobic growth on fumarate in the transportdeficient E. coli IMW213 (not shown).
Kinetics of succinate and fumarate transport by Asuc_0304
Uptake of [ or permeabilizing the bacteria released most of the radioactivity (not shown), demonstrating that the accumulation displays uptake but not assimilation of the substrate. The effects of [
C]succinate or [
14 C]fumarate concentrations on the uptake rate were studied for the complemented strain (Fig. 3) , K m 5536 mM) than succinate. No uptake was observed in the non-complemented strain (Fig. 3) .
Properties of C 4 -dicarboxylate transport by Asuc_0304
Properties of the C 4 -dicarboxylate transport by Asuc_0304 were studied in E. coli IMW213 pMB22. The pH value is an important parameter for transport of C 4 -dicarboxylates. The pH dependence for the uptake of [
14 C]succinate was tested for the bacteria grown aerobically on succinate at neutral pH 7 in buffer ranging from pH 4 to 8 (Fig. 4a , shaded bars). The uptake rates were maximal at pH 7 and 8, and decreased at acidic pH. The same pH dependence was observed for phosphate ( Fig. 4a) and MES/MOPS buffer (not shown). Transport at acidic pH (¡pH 6) was also observed in the non-complemented strain IMW213 (Fig.  4a , open bars), whereas it was not seen in A. succinogenes (see below, Fig. 5a ). This indicated that the transport at acidic pH was caused by the DauA transporter of E. coli that operates as a succinate transporter under acidic conditions (Karinou et al., 2013) , although a contribution by passive diffusion of uncharged succinic acid cannot be excluded. Therefore the transport derived from Asuc_0304 had an optimum at pH~7, indicating that succinate 22 (pK a1 54.2, pK a2 55.0) is the substrate of the transporter.
Driving forces for succinate uptake by Asuc_0304 were studied in cell suspensions of IMW213 pMB22 in the presence of various inhibitors. The protonophore CCCP degrades the electrochemical proton potential Dp (Nicholls & Ferguson, 2002) , whereas the ionophore nigericin catalyses an electroneutral exchange of one H + for one K + , resulting in the dissipation of the pH gradient DpH. The presence of CCCP inhibited the succinate uptake almost completely (94 %) (Fig. 4b) , but the presence of nigericin reduced the succinate uptake only partially (40 % residual activity). Thus, Dp (and consequently the electrical potential DY) were crucial for driving succinate uptake by Asuc_0304, whilst DpH appeared to be of minor significance.
The Na + dependency of succinate uptake by Asuc_0304 was studied both by growing cells in Na + -free medium and by dissipation of the Na + gradient with the ionophore monensin, which allows permeation of Na + and of K + (Nicholls & Ferguson, 2002) (Fig. 4b) . Succinate uptake of cells grown in Na + -free medium was reduced to 13 % of the activity of bacteria grown in Na + -containing medium. The presence of monensin reduced succinate uptake in Na + -containing medium by 65 % and in Na + -deficient medium nearly completely. Altogether, the results indicate that the succinate uptake by Asuc_0304 required a transmembrane electrochemical Na + and electrochemical proton potential, whereas the pH gradient was not essential.
In order to characterize the substrate specificity of the putative C 4 -dicarboxylate transporter, the uptake of [
C]succinate or [
14 C]fumarate was tested in the presence of a 10-fold excess of unlabelled C 4 -dicarboxylates and related substrates (Fig. 4c) (Fig. 5) . The initial uptake rate Fig. 3 ), indicating the presence of further transporters for fumarate uptake in A. succinogenes. The intracellular fumarate and succinate reached maximal levels of 7.1 and 6.4 mM, respectively.
The pH dependence showed that the [ 14 C]succinate uptake in A. succinogenes was optimal at pH~7 ( Fig. 5a ), similar to the Asuc_0304-complemented E. coli (compare Fig. 4a ). No uptake of succinate was observed at pH ¡5, indicating the absence of a DauA-like transporter in the bacteria (Karinou et al., 2013) and no passive diffusion of uncharged succinic acid. 14 C]succinate was determined for 2 min in the presence of unlabelled competitors (1 mM); 100 % uptake activity corresponds to 4.21 mmol gDW "1 min "1 . Noc, no competitor; Suc, succinate; Fum, fumarate; L-Mal, L-malate; Oxa, oxaloacetate; But, butyrate; Ace, acetate; Cit, citrate. A. succinogenes C 4 -dicarboxylate transporter SdcA
The presence of the protonophore CCCP inhibited succinate uptake completely, whereas ionophores nigericin or valinomycin inhibited succinate uptake by ,40 % (Fig.  5b) . This indicates that Dp plays an important role in succinate transport in A. succinogenes, whereas each of DpH and DY caused only partial inhibition. The ionophore monensin, preferring Na + , inhibited more than half of succinate uptake and no uptake was observed when the assay was performed with Na + -free grown cells. Thus, the succinate uptake of A. succinogenes required the electrochemical proton potential and membrane potential with a strong contribution of the electrochemical Na + gradient.
Overall, the C 4 -dicarboxylate uptake in A. succinogenes was comparable with that by the Asuc_0304-complemented E. coli mutant (Fig. 4) in terms of pH optimum and the significance of Na + -electrochemical potential.
DISCUSSION
Aerobic and anaerobic growth of A. succinogenes on C 4 -dicarboxylates A. succinogenes, known for its capacity to produce large amounts of succinate from glucose, is able to grow on C 4 -dicarboxylates such as fumarate and L-malate under aerobic and anaerobic conditions. Under aerobic conditions, the C 4 -dicarboxylates are partially oxidized to acetate and formate (Table 1 ; Fig. 6a ). It appears that fumarate is hydrated to malate, and oxidized to oxaloacetate by fumarate hydratase (Asuc_0956) and malate dehydrogenase (Asuc_1612) by reactions of the (incomplete) TCA cycle of A. succinogenes (McKinlay et al., 2010) (Fig. 6a) . Oxaloacetate is shunted to pyruvate metabolism due to the lack of citrate synthase, isocitrate dehydrogenase and succinate dehydrogenase. Oxaloacetate and malate appear to be decarboxylated to pyruvate by oxaloacetate decarboxylase (Asuc_0301-3) and malic enzyme (Asuc_0669), respectively. Thus, the majority of pyruvate is decarboxylated to acetyl-CoA by pyruvate dehydrogenase (Asuc_0942-4), which results in acetate and ATP formation (Fig. 6a) . In addition, small amounts of formate and acetate are formed by pyruvate formate acetyltransferase (Asuc_0207).
Under anaerobic conditions, fumarate is divergently metabolized by an oxidative and a reductive pathway (Fig. 6a) . In the oxidative pathway, fumarate is oxidized to acetate, producing four electrons and one ATP per fumarate, involving pyruvate dehydrogenase (Asuc_0942-4). The electrons are balanced by reduction of 2 mol fumarate to succinate. The metabolic balance (3 fumarateA2 succinate+1 acetate) suggests that fumarate respiration by fumarate reductase (Asuc_1813-16) is the redox-balancing reaction. In anaerobic growth on glucose, however, pyruvate is lysed by pyruvate formate acetyltransferase (Asuc_0207) to formate and acetate, and only a part of the acetate is reduced to ethanol (4e 2 /acetate), which serves as a redox-balancing site in addition to fumarate respiration. Thus, the metabolic capacities of C 4 -dicarboxylates of A. succinogenes are broader than described earlier. C 4 -dicarboxylates are products, but also substrates for growth and in anaerobic growth both pathways involve the function of fumarate reductase. Na + -coupled mammalian-type transporter for the uptake of C 4 -dicarboxylates A. succinogenes obviously contains no DctA-like protein, which is used by many bacteria for the uptake of C 4 -dicarboxylates under aerobic conditions. In this study, we identified protein Asuc_0304 of A. succinogenes as an uptake carrier for C 4 -dicarboxylates, but it is not necessarily the only or most important. Asuc_0304 imports C 4 -dicarboxylates in E. coli in an electrochemical Na + -potential-dependent manner. Succinate was the preferred substrate for uptake in E. coli; although A. succinogenes is not able to grow on succinate due to the absence of succinate dehydrogenase, it is able to grow on fumarate or L-malate. The transporter responsible for the uptake of succinate in aerobically grown A. succinogenes shares significant similarities with those for C 4 -dicarboxylate uptake by the Asuc_0304-complemented E. coli mutant, including pH optimum, Dp dependence and stimulation by Na + , suggesting that Asuc_0304 has a role in fumarate uptake in aerobically grown A. succinogenes.
Asuc_0304 is a member of the DASS family. The transporters of the DASS family function in the symport of dicarboxylate, tricarboxylate, sulfate or phosphate with Na + and are found in bacteria, archaeans, plant chloroplasts, yeast, and animals (Transport Classification Database; www.tcdb.org). Protein Asuc_0304 consists of 425 aa and shares 77 % sequence identity with the putative DASS protein KPK0480 of Klebsiella pneumonia, but no bacterial homologues have been characterized. Phylogenetic analysis (Fig. 7a) shows that Asuc_0304 does not belong to the bacterial CitT-type transporters of the DASS family, but it is more closely related to the mammaliantype Na + -coupled dicarboxylate cotransporter (NaC) with regard to the restricted substrate spectrum (succinate and fumarate) and by sequence similarity. The NaC cotransporters represent a subgroup of the mammalian DASS family and three NaC transporters have been characterized: NaDC1 (SLC13A2), NaDC2 (SLC13A5) and NaDC3 (SLC13A3) (Prakash et al., 2003; Markovich, 2012; www. tcdb.org) . Asuc_0304 shares 25-58 % amino acid sequence identity (BLAST cover ,70 %) with NaDC1 of Homo sapiens and NaDC1 of Rattus norvegicus. The Asuc_0304-like NaDC1 (and NaDC3) catalyses primarily transport of dicarboxylates and NaDC1 exhibits low substrate affinity, whereas NaDC2 catalyses primarily transport of citrate (Mancusso et al., 2012; Bergeron et al., 2013) .
Recently, several bacterial Na + -dicarboxylate symporters DccT, SdcS and SdcL of the mammalian-type DASS family have been identified (Fig. 7a) . DccT of C. glutamicum catalysed the uptake of succinate, fumarate, L-malate and oxaloacetate in a Na + -dependent manner under aerobic conditions (Youn et al., 2008) . SdcS of S. aureus is an electroneutral symporter for Na + and succinate (2 : 1 ratio), and the succinate uptake was inhibited competitively by succinate, fumarate, malate and presumably also oxaloacetate (Hall & Pajor, 2007) . SdcL of B. licheniformis is a NaC cotransporter that is similar to SdcS and DccT, but it has broader substrate spectrum by responding to succinate, L-malate, fumarate, oxaloacetate, a-ketoglutarate and aspartate (Strickler et al., 2009 ).
In addition, Asuc_0304 possesses the two SNT carboxylatebinding motifs (Fig. 7b) , which are regarded as signature sequences of Na + -dependent tri-and dicarboxylate transporters of the mammalian-type DASS family (Mancusso et al., 2012 Fig. 7 . Relationship of Asuc_0304 (SdcA) to C 4 -dicarboxyate transporters. (a) Phylogenetic tree of bacterial C 4 -dicarboxyate transporter families and the homologues of A. succinogenes. The sequences were aligned with the CLUSTALW program (http:// www.ebi.ac.uk/Tools/msa/clustalw2/) and the tree was reconstructed by the neighbour-joining method MEGA5.2 (Larkin et al., 2007; Tamura et al., 2011) . (b) Amino acid sequence alignment of Asuc_0304 (SdcA) with DASS transporters. Asuc_0304 protein segments showed two SNT (Ser-Asn-Thr) carboxylate-binding motifs (Mancusso et al., 2012) [189] [190] [191] /SNT [444] [445] [446] ), whereas the SNT motif is absent in DccT of C. glutamicum (Fig. 7b) . Based on the similarities in enzymic activities and amino acid sequences to SdcS of S. aureus and SdcL of B. licheniformis, the Asuc_0304 protein and gene are named SdcA and sdcA, respectively.
The genome of A. succinogenes contains genes related to Na + -translocating decarboxylation energy metabolism next to Asuc_0304 (sdcA) (Fig. 6b) . The genes Asuc_ 0301-Asuc_0303 encoding a putative Na + -translocating oxaloacetate decarboxylase complex (Asuc_0301 for subunit b, Asuc_0302 for a and Asuc_0303 for c) are located downstream of Asuc_0304 (sdcA) in the same orientation. Thus, the fumarate taken up by Asuc_0304 (SdcA) might be, after conversion to oxaloacetate, decarboxylated to pyruvate by Na + -translocating oxaloacetate decarboxylase. Enzymes of this type excrete two Na + for each decarboxylation reaction (Dimroth et al., 2001 ) and the resulting Na + potential can then be used by Asuc_0304 (SdcA) to drive the uptake of the C 4 -dicarboxylate. Gene Asuc_0305 downstream of Asuc_0304 codes for a putative citrate lyase (Fig. 6b) that produces oxaloacetate, which is used for building a Na + potential by oxaloacetate decarboxylase (Asuc_0301-Asuc_0303). In addition to driving fumarate uptake by Asuc_0304 (SdcA), the Na + potential might also be used for driving ATP synthesis by a Na + -dependent ATP synthase (Asuc_0325). This system may compensate for the energy limitation in the bacteria caused by the incomplete citric acid cycle.
